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OBJECT

The object of this work is the inves-
tigation of magnesium anode behaviors
which affect primary cell application.

Prepared by:

son
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I. PURPOSE
The purpose of this research and development contract is the
study of the electrochemistry involved in the use of magnesium as
an anode in primary battery systems. The studies are a continua-
tion of investigations initiated under Signal Corps Contract No.
DA36-039-SC-88912.




II. ABSTRACT '
Conflicting evidence was obtained as to whether or not the
spontaneous corrosion of magnesium was enhanced by 1mpressed
anodic current. The apparent wasteful~corrosion reaction of
magnesium could be eliminated by 1ncreasing the electrode
potential with magnesium chloride and perchlorate electrolytes.
Low drain continuous service of magnesium dry cella was improved

by the use of mixed acetate-perchlorate electrclytes.r



III. CONFERENCES
On 28 November 1962, Mr. J. L. Robinson of The Dow Metal
Products Company visited the U. S. Army Electronics Research
and Development laboratory, Fort Monmouth, New Jersey, to dis-
cuss the progress of this contract. Messrs. D. Wood, J. Murphy,

J. Hovendon, and Dr. E. Baars represented the Signal Corps.




IV. DATA AND DISCUSSION
A. Anode Efficiency and Potential Béhaviors

1l. General Backggpund

Three of the phenomena observed with magnesium anodes in
aqueous environments are:

(a) The open circuit corrosion potential is more than
a volt passive to the theoretical value for divalent lon forma-
tion. Further, the steady state working potential usually is in-
sensitive to several hundred fold increases in applied ancdic
current.

(b) The apparent wasteful corrosion of a magnesium
anode increases with increasing applied current. The end product
of the corrosion reaction is hydrogen. This behavior is generally
called the "Negative Difference Effect".

(¢c) Anodic potential transients are observed upon in-
creasing or decreasing the current. The transient with increas-
ing current results in the so called "delayed action" of magnesium
dry cells.

There have been various explanations for the above
phenomena. The view subscribed to by this laboratory 1s that all
of these behaviors are the result of the protective magnesium
hydroxide film on the electrode and processes which tend to damage
or repair this film. On open circuit only a fraction of the
electrode surface is active. The active area results from defects,
undefined, in the magnesium hydroxide film. The measures working
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potential is a mixed potential, as described by Petrocelli,1 of
the anodic reaction Mg—a»Mg+++2e and the cathodic reaction
2H20+2e —» He+2(OH)~. The potential of magnesium is sufficiently
active to assume that the above cathodic reaction should occur
directly on the exposed or active area of the electrode, as well
as at discrete low overvoltage impurity sites. The magnesium
hydroxide protective film tends to breakdown with increasing
anodic current producing additional active area. The filnm
breakdown results from build-up in concentration of a soluble
magnesium salt at the interface which by bufrering2 increases

the acldity at this silte. The effective current density, and
thereby the potential, changes very llttle over a wide range of
anodic current because of the creation of the additional active
area. Correspondingly, the increased area with increasing anodic
drain results in additional surface for the cathodic reaction and
hence results in the increase in the wasteful corrosion rate. The
anodic voltage transients follow naturally since the establishment
of steady film breakdown and repair rate 18 not instantaneous.

One should be able to predict or reconcile specific anodlc be-

haviors with the above general concepts 1f they are correct.

2. Effect of Discharge Cycle On The Wasteful Corrosion Rate

As measured by either weight lo8s or hydrogen evolution,
the apparent wasteful corrosion rate associated with the continuous
application of 50 milliamperes per square inch of anodic current
is several orders of magnitude greater than the open‘circuit rate.

-5 -




o ‘In aecordancenwith the above behavior picture of film breakdown
7fthia higher corrosion rate should be maintained at the instant of
:‘:,.removal of thc spplied current and should decrease with time to-

"“aﬁf}wards the steady open circult value as the film repairs. Such

?ﬂlbehavior:is pictured in Figure 1. If this 18 correct, the total

Aweight loss associated with the passage of a given number of

‘;'*ﬁﬂcoulombs should be larger 1f the current is passed intermittently

5ftrather than continuously. ‘The increase in the weight loss should

‘the>a direct measure of the average corrosion rate during the open
'i,circuit portion of the discharge cycle. The shorter the open cir-
v :::”»cuit period the greater the average open circuilt corrosion rate,

3 found no apparent

””iFigure 1. However, Kokoulina and Kabanov
ﬁincrease in. the total hydrogen evolved from a magnesium anode when
':various values of current were passed intermittently rather than
ibcontinuously This observation would not be totally unexpected
with the conditions of their experiments. They used current pulse
frequencies ranging from 6. to 10,000 per second. The minimum pulse
rate. of six per second does not allow sufficient discharge time to

build-up the magnesium lon concentration at the interface to the

A e e Eee e

\1evels needed for the rilm breakdown process. This opinion is

e, i,

supportedgby?the observation that 0.2 seconds or more are needed

'Zi'ff?” - to. completefthe'anodic voltage transient associated with an increase

;1n'565 “n 'densitye.




were shown in Report No. 1. The anodes were corroded at an anodic
current density of approximately 50 milliamperes per square inch.
The current was applied continuously and with various intermittent
discharge cycles of equal on and off periods. The total discharge
time was eight hours and the total test time was sixteen hours with
the intermittent discharges. The average wasteful corrosion currents
for the discharge and open circuit periods were calculated from
measured weight losses. Report No. 1 gives detalls q; the calcula-
tions. The experiment was repeated here since some of the original
results were unexpected. The anode area was increased from the
standard one square inch to three square inches for the repeat
test, but the current density remained at 50 milliamperes per square
inch. The data obtained were comparable to those of the previous
test. As expected the apparent wasteful corrosion current de-
creased uniformly with increasing time for the open circuit period
with Mg(Ac)2 electrolytes, Table I and Figure 2. It was shown,
Report No. 1, that the wasteful weight loss associated with the
passage .of a unit of current decreases slightly during the first
15 to 20 minutes of discharge. This would result in an error in
the calculated corrosion currents which would tend to make the
open circuit rates on the 5 and 10 minute cycles higher than the
closed circuit rate as observed for some of the acetate electro-
lytes, Table I.

The data with the perchlorate eléctfblytes were so erratic

that no attempt was made to analyze them, Table I. The data for
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the 8ix normal concentration of this electrolyte can be completely
ignored as the corrosion was intergranular and metal spalling
occurred.

The data for the MgClg electrolytes, while‘reasonably
consistent and reproducible, are difficult to explain, Table I.
There is a possible error, discussed below, which could move the
apparent negative values of average corrosion rates to small poai-
tive values. However, low values for the corrosion rates with
the short open circult periods, even if positive, are not consist-
ent with the visual observation that copious quantities of hydro-
gen are being evolved for an appreciable period after interruption
of the circuit. The passage of the apparent corrosion rate through
a maximum in the region of 15 to 20 minutes with increasing open
circuit time is also puzzling. That the continuing hydrogen
evolution on current interruption 1is the result of oxidation by
water of a product of the primary anodic reaction can not be ruled
out. Such a reaction product would probably have to form as a
layer on the anode since the evidence is for appreciable life and
little or no migration from the surface. However, it is difficult
for us to believe that this hydrogen evolution is not the result
of the spontaneous corrosion of magneéium enhanced by applied cur-
rent because of film damage. In view of this it is proposed to
carry out a few tests wherein the hydrogen evolution rates are
directly measured. This will allow the establishment with greater

certainty as to whether or not reasonable steady state conditions
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occur in the five and ten minute discharge'periods.
An indication was obtained that the film on magnesium
ages and becomes more protective with exposure time to MgCla_;

electrolyte. Two procedures were. utilized to study the effect

of discharge time on anode efficiency First, the standard pro-vfi;fjn

cedure of applying the current immediately after immersion of theefff‘"'

anode in the electrolyte, measuring the weight 1osses after pas-
sage of various amounts of current,‘and calculating anode ef-
ficlencies. The second method differed only in that the anode
was left on open circuit sixteen hours prior_to applying ‘the
current. The average weight‘losses'for the'open circuit time
were obtained by corrosion tests, Table II, and subtracted from
the total welght losses prior to efficiency calculations. It is
interesting to note that higher.corrosion rates were obtained with ‘
a weak bright pickle surface,'Table-llf? lrrespective of the anode
state, the efficlency was significantly higher and affected less
by discharge time when soaked the sixteen hours. The total welght
loss was dominated by the open circuit weight loss for discharge _
times of ten minutes or less.. Variation in this open circuit
weight loss accounts for the scatter in the efficiency values.'
Acceleration of this film aging by intermittent discharge could
partially account for the higher anode efficiencies measured with
intermittent discharge as opposed to. continuous discharge with
MgCla electrolytes, Table I. ' ‘

3. Steady State Potential Behavior

Only potentiostatic measurements, as outlined in Report
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No. 1, were employed for the subsequent anodic polarization curves.
The reported potentials are referred to the saturated calomel
electrode. In all tests the 0.03 centimeter diameter reference
bridge tip was positioned initially 0.19 centimeters from the

~ electrode face. Resistivities of the electrolytes at TOF are
given in Report No. 1. Except where noted, the reported potentials
were not cor;ected for the IR drop between the electrode and bridge
tip since accuréte values could not be estimated becau  of high
currents and/or temperatures encountered. Copper coulometers were
employed to obtain the average applied current but the current was
also followed by recording the potential drop over a known resist-
ance. Average currents calculated by the two methods agreed within
one per cent. The total apparent anodic current was obtained by
weight loss measurements. The apparent average corrosion current
was obtained by subtracting the average applied current from the
.apparent total flow.

Complete data are listed in Tables IV to VIII for the
following systems respectively: AZ21X1 anodes with 8 N MgClo,

6 N Mg(Cl104)2, 6 N Mg(Ac)a2, and 4 N Mg(Ac)a electrolytes, and pure
magnesium anodes with 6 N Mg(Ac)z electrolyte. Figures 3 through
. 12 are curves showing the relationship between the potential and
the average applied and corrosion currents for these systems.

In no case was there evidence of oxygen evolution at the
anode even though the measured potential was increased (passive
direction) to the region of five volts for all systems. Thus, it
1s obvious that the listed controlled potentials can be far removed
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from the actual potential of the electrode surface. However, it
was also evident that changes in the controlled potential did
effect a change 1in the electrode surface. The magnitudes of the
applied and/or corrosion currents continued to depend upon the
potential up to thelfive vqlts with the chloride and the perchlorate
electrolytes, Figures 3, 5, and 6. Regions where the potential
increased independently of the applied and corrosion currents were
observed with acetate electrolytes, Figures 7 through 12, but
marked progressive changes in the corrosion pattern occurred in
these regions. Figure 13 shows the change 1n the corrosion from
a highly uniform to a well developed cellﬁlar pattern as the poten-
tial was increased from -1.0 to +3.80 volts. The cellular struc-
ture was independent of the grain structure of the electrode.
Changes 1n the corrosion pattern were also observed with chloride
and perchlorate electrolytes. With these latter electrolytes the
surface appearance changed from smooth but matte to smooth and
bright (electropolish) to bright plus parallel grooves &s the
potential was increased. The grooves were not caused by gas er-
rosion since they appeared after gas evolution ceased as discussed
below. In all cases the changes in the corrosion patterns appeared
to initiate at a potential where a maximum in the applied current
was reached, Figures 3, 5, 7, 9, and 11.

In general, the observed relationships between potential
and currents conformed to the anode behavior being governed by a
protective film. To move the potential in the positive direction
the anodic reaction has to be increased. This was done by applying
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current. Fllm damage and increased active area are assocliated
with the increased anodic reaction in the fashion discussed above.
The rate of the cathodic reactlion, the wasteful corrosion reaction,
per unit active area, should decrease with increasing potential.
The inltial increase in the total corrosion current with increasing
potential indicates that the increase in the active area more than
offsets any decrease in the intensity of the corrosion reaction.
The corrosion current actually passed.through a maximum and dropped
to zero as expected with the chloride and perchlorate electrolytes,
Figures 4 and 6. That the corrosion reaction actually ceased with
these electrolytes was indicated by a lack of vislble gas evolu-
tion. Measured anode efficiencies approaching 100% were actually
obtained with the chloride electrolyte, Table IV. With the chlorilde
electrolyte the visible gas evolution ceased after a short time at
a measured potential of zero. This is not far removed from the
potential region of a minus 0.3 to minus 0.7 volts where the
cathode reaction might be expected to stop i1f this reaction were
the reduction of water. The observation that corrosion current
with 6 normal Mg(Ac)z reaches but does not pass through a maximum
with increasing potential can not be qxplained at this time,
Figures 8 and 12. There was an 1nd1c;tion with the 4 N Mg(Ac)2
electrolyte, Figure 10, that the same behavior as observed with
chloride electrolyte might be obtained with lower Mg(A¢)z concen-
trations. This will be further explored with a two normal
electrolyte.

- 12 -
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"u'-whére'the potential changed independent of the applied current,

- *’With_alllsystems, except perchlorate, there was a region

'Figurés 3;"5; 7,“9,.gnd 11. That these regions do not represent
concentration poiérization is indicated by the maxima in the cur-
.rent, Figurés 3, Sdend 9, and the order of magnitude increases in
the cUrrént'ébtaiggd_by‘chdnging anode composition with 6 N Mg(Ac)z

‘electrqute; F1éure$.7‘ahdz11. This leaves as the likely cause,
the'formaﬁionlgt‘thésanode surface of a film which is a potent
barrier to the'charge"ﬁransfer_step. If the film were stable it
would be expecﬁeg to'grdw andla”corresponding decreaselin current
should be observed with time at a given potential. While there
was very little evidence of such film growth, based on comparison
of the final and évefage appiied currents in the tables, such
growth could have been'masked by the increasing temperature of
bulk electrolyteéf _(sée final temperatures, Tables IV through
VIII.) Further'e§idenée.bf the lack of stability of the film is
the recoveries of the potentials from the plus five volts to
active values on removal of the applied current. A relatively
s8low recovery with a break in the curve at the potential at which
the film first forms might be expected with a reasonably stable
film. With AZ21X1 anodes and the chloride and the acetate elec-
trolytes, the potential recovered in less than 0.02 seconds from a
plus five volts to the original open circuit potential value. 1In
less than 0.1 second the potential reached a value of a minus 1.80
volts which was consider&bly more active than the original open
circult value, Figure l4. There was no sign of breaks in the
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in the curves. Several minutes were required for the potentials

to increase from the minus 1.80 volts to the region of the original
open circuit value. This is substantlally the behavior observed
in all systems upon removal of an applied anodic current from mag-
nesium when the potential is in the active regionz.

A much different behavior was observed with AZ21X1l anodes
with the perchlorate electrolyte and pure magnesium anodes with
the acetate electrolyte. With these systems the potential did not
become more active than the original potential, but rather ap-
proached within 0.1 of a volt of the steady state value in less
than 0.01 seconds after which it slowly approached the apparent
rest potential in a cyclic fashion. This behavior is shown in
Figure 15. No interpretation of the recovery curves has been made
other than they do not represent behavior expected from a stable
£ilm.

The high currents encountered and the lack of temperature
control of the bulk electrolyte has made it difficult to interpret
the potentiostatic anodic polarization curves. The high currents
rule out any estimate of the actual electrode surface potential.
The increasing temperature throws doubt on any apparent relation-
ship between the applied current and potential in regions where
the potential appears to move independently. Much lower currents
and better temperature control should be obtained if the tests
were carried out at lower temperatures. This wlll be explored.

4, Transient Potential Behavior

Some work in the area of the transient behavior has been

- 14 -



carried out. Some of the early results had to be discarded when
it was discovered that the electrolyte solution being used had
become contaminated. Recent results will be reported in the next
report since there are not sufficient data to present any reason-
ably consistent picture. The major effort of the next quarter is
planned for this area.

B. Dry Cell Data

It was previously reported, Report No. 1, that the performance
of magnesium dry cells could be improved by using a mixed electro-
lyte of magnesium acetate and magnesium perchlorate. The improve-
ment was mainly observed at a low drain, 180 ohms, continuous
discharge of steel Jjacketed, "D" size cells. The total concentra-
tion of the electrolytes was three normal. Comparable results
have now been obtalned at total electrolyte concentrations of one,
two, and four normals, Tables IX, X, and XI, respectively.

Only a limited number of dry cells are planned for future
work. The purpose of these cells will be to evaluate salts of
aromatic acids as electrolytes. In wet cells anode efficiencies

in excess of 95% have been obtained with such_electrolyteau.
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V. CONCLUSIONS

A fim conclusioﬁ as to whether or not the spontaneous cor-
rosion of magnesium 1is enhanced by applied anodic¢ current can not
be made with the conflictihg evidence at hand.

The anodic polarization of magnesium is at least partially
film controlled. '

The performance.of magnesium dry cells at light continuous
drains can be improved by the use of a mixed electrolyte of mag-

nesium acetate and magnesium perchlorate.
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VI. TENTATIVE PROGRAM, THIRD QUARTER
The main emphasis will be on the investigation of the anodic
transient potential behavior.
Some hydrogen evolution measurements to determine steady state

conditions with magnesium anodes operating in chloride electrolytes

are planned.

A few low temperature anodic polarization curves will be

determined.
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ANODIC CORROSION PATTERN
AZ21XI ANODES - 6 N Mg(Ac), ELECTROLYTE

ANODE POTENTIAL
- 1.0 VOLT

+3.8VOLTS

NEGATIVE No. 54497 - 20X

FIG. I3
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